Abstract
I. Introduction
Bismuth sodium titanate Bi 0.5 Na 0.5 TiO 3 (BNT) is one of the highly studied lead-free perovskite compounds for the replacement of lead-based piezoelectric ceramics on account of their potential electromechanical properties. Bi 0.5 Na 0.5 TiO 3 and its solid solutions with other perovskites can have good piezoelectric properties and thus are considered to be the potential candidates for industrial applications. The intriguing phase transitions of both BNT and BNT-based solid-solutions as a function of composition and temperature make them an excellent model for studies on the phase transition behaviour [1] [2] [3] [4] . Pure BNT is an A-site complex perovskite-structured ferroelectric with rhombohedral symmetry at room temperature. It has a high Curie temperature (T c = 320 °C) with strong ferroelectricity (P r = 38 μC/cm 2 ) [5] [6] [7] . However, the major drawback with BNT is the poling treatment because of its high coercive field (E c = 7.3 kV/mm), resulting in relatively weak piezoelectric properties (d 33 = 70-80 pC/N). Decreasing coercive field and improving the poling process formation of BNT-based solid solution with a morphotropic phase boundary (MPB) is an effective way as proposed and studied by many researchers.
Recently many binary or ternary BNT-based MPBs have been reported in literature [11] [12] [13] [14] [15] [16] [17] [18] . Among them (1-x)Bi 0.5 Na 0.5 TiO 3 -xBaTiO 3 ceramic system has been well studied [19] . BaTiO 3 (BT) is one of the most investigated classical ferroelectric materials having high dielectric constant, piezoelectric coefficient, electrooptic coefficients, broad wavelength sensitivity range, high crystalline uniformity, and it displays a large variety of nonlinear optical effects. It was anticipated that the structure of the solid-solution with a low BT content would become tetragonal due to the rather large lattice distortion of BT compared to the rhombohedral distortion in BNT. Although this structural modification was conformed in earlier works, exclusive studies regarding MPB are rare in the literature [20] [21] [22] [23] [24] . Rietveld refinements, Raman spectroscopy and piezoelectric studies have been used as effective techniques to investigate the structural evolution in perovskite solid-solutions. Only, limited reports are available on Raman spectroscopy studies but Rietveld refinements are not well reported in BNT-based systems [25] [26] [27] . The present manuscript reports the detailed structural study (X-ray diffraction, Rietveld refinement, Raman spectroscopy) and piezoelectric behaviour by electromechanical factors.
II. Experimental
The samples were prepared by a conventional mixed oxide process. In the first step Bi 0.5 Na 0.5 TiO 3 (BNT) and BaTiO 3 (BT) master batches were made from Bi 2 O 3 (99.9%), Na 2 CO 3 (99.9%), BaCO 3 (99.9%), and TiO 2 (99.9%). Appropriate amount of reagents was mixed in a Zirconia medium for 12 h using a laboratory designed ball milling unit. The BNT sample was calcined at 700 °C for 4 h and at 850 °C for 2 h with intermediate grinding and mixing. The BT sample was calcined at 1000 °C for 4 h and at 1250 °C for 4 h with intermediate grinding and mixing. The phase purity of both the master samples was investigated using X-ray diffraction (XRD), (Xpert MPD, Philips, UK). Appropriate amount of BNT and BT was mixed thoroughly and sintered at 1150 °C to obtain (1-x)Bi 0.5 Na 0.5 TiO 3 -xBaTiO 3 (BNT-BT) ceramics. The phase solubility of the compositions was investigated using XRD and Raman spectroscopy (Enwave Optronics-Ezraman). The prepared ceramic samples were polarized at room temperature under 35 kV/cm in silicone oil for 20 min. The piezoelectric coefficients d 33 of the samples were measured using a quasi-static piezoelectric d 33 -meter (YE2730A, China). The impedance (Z) and phase (θ) versus frequency with steps in the range 100 Hz to 1 MHz were measured using Hioki 3532 impedance-phase gain analyser. The resonant and anti-resonant frequencies for the planar vibration modes used to calculate the planar coupling coefficient (K p ) mechanical quality factor (Q m ) and the frequency constant (N p ) by the following equations:
where f r and f a are resonant and anti-resonant frequencies, R f , C and d are resonant impedance, electrical capacitance and diameter of the pellet, respectively. Figure 1a shows the XRD patterns of (1-x)Bi 0.5 Na 0.5 TiO 3 -xBaTiO 3 ceramics with 0 ≤ x ≤ 0.08 sintered at 1150 °C for 4 h. All the compositions exhibit a pure perovskite structure and no second phases are observed, which implies that BaTiO 3 (BT) ceramic has diffused into the Bi 0.5 Na 0.5 TiO 3 lattices to form a solid-solution. Also Fig. 1b shows the XRD patterns of the ceramics in the 2θ range of 44-50 degree. A distinct 002/200 peak splitting appears when x = 0.07, refer- 
III. Results and discussion

X-ray diffraction
ring to a tetragonal symmetry. To characterize the phase compositions in a more quantitative way, the XRD patterns of the MPB compositions in the 2θ ranges of 46-48 ° were fitted as shown in Fig. 2 . The data show the Lorentzian deconvolution of the 002 and 200 peaks of the tetragonal phase and the 202 peak of the rhombohedral phase. These results suggest that the rhombohedral-tetragonal morphotrophic phase boundary (MPB) of (1-x)BNT-xBT ceramic is near x = 0.07.
The detailed crystal structure has been studied by analysing XRD patterns recorded at room temperature using Rietveld method and Fullprof software. The pseudo-Voigt function was used to define the peak profiles while a fifth-order polynomial was used for describing the background. It is observed that the difference between the profiles of the XRD patterns experimentally observed and theoretically calculated display small difference as illustrated by a line (Y Observed -Y Calculated ). The fitting parameters (R wnb , R b , R exp , R w , and σ) suggest that the refinement results are well-reliable. Tables 1 and 2 summarize the Rietveld-refinement result carried out in the MPB composition of BNT-BT solid-solutions, where the setting parameters of R3c were referred to Corker et al. [28] and those of P4mm were set according to the crystallographic limitation of its space group. Replacing the refined phase by the coexisting rhombohedral and tetragonal phases resulted in a good fitting between the observed intensities and the calculated intensities of 0.93Bi 0.5 Na 0.5 TiO 3 -0.07BaTiO 3 . The result indicates that 0.93BNT-0.07BT is composed of 41.2% rhombohedral phase and 58.8% tetragonal phase, so that 0.93BNT-0.07 BT is confirmed to be a MPB composition. Figure 3 shows the SEM micrograph of natural surface for (1-x)Bi 0.5 Na 0.5 TiO 3 -xBaTiO 3 ceramics. The pure BNT sample presents rectangular grain morphology while the BT addition changes the grain shape to spherical shape. All sample surface grains present regular geometry with compact structure. BNT disk appears to be poly-dispersed in both size and shape due to inhomogeneous grain growth. On the contra- The reliability factors are R p = 10.25%, R wp = 10.8%, χ = 2.54, R exp = 11.5% and R Bragg = 8.1% ry, the addition of BT results in the inhibition of grain growth, so the BNT-BT appears to be more uniform in both size and shape. It can also be seen that the grain size reduces with increase in BT content which is may be due to the Ba 2+ abundance in crystal boundary preventing the ion from migrating and restrains the growing of grains. Figure 4 represents the Raman spectroscopy study of (1-x)Bi 0.5 Na 0.5 TiO 3 -xBaTiO 3 solid solution (x = 0.0-0.08). There are only five Raman-active modes observed in the range from 100 to 1000 cm −1 in agreement with the works reported by the Rout et al. [29] and Eerd et al. [30] . BNT ceramics with rhombohedral structure presents 13 Raman-active modes (Γ Raman = 4A1 + 9E) due to the disorder in A-site related to distorted octahedral [ . This mode is assigned to stretching arising from the bonds due to presence of octahedral [TiO 6 ] clusters at short-range. The third Raman-active (LO2) mode with low intensity is related to short-range electrostatic forces associated with the lattice ionicity However, from Fig. 5 it is possible to detect that all the Raman peaks are very broad in BNT and BNT-BT ceramics. It is believed that this behaviour is due to the presence of the disorder structural or distorted octahedral [TiO 6 ] clusters at short-range and the overlapping of Raman modes due to the lattice anharmonicity. For closer investigation, the variation of full width of half maximum (FWHM) and intensity of individual peaks are plotted in Fig. 7 . The mode intensity and FWHM undergo slope change at x = 0.07. The FWHM of a Raman band is inversely proportional to the lifetime of the corresponding phonon [35] , which is in turn closely related to the size of the local (Bi 0.5 Na 0.5 ) 2+ TiO 3 clusters. When Ba 2+ substitutes for both Bi and Na, Ba 2+ TiO 3 clusters are formed. As a result, (Bi 0.5 Na 0.5 ) 2+ TiO 3 clusters are reduced in sizes, giving rise to the peak broadening and intensity weakening of the 280 cm −1 band. There is no change in the frequency of this band since both composition and structure remain the same in the (Bi 0.5 Na 0.5 ) 2+ TiO 3 clusters when x values are low. With the increase in x value such constraining effect becomes less significant and the phase transition occurs. The variation of intensity and FWHM of all peaks shows a similar type of anomaly at x = 0.07. On the basis of these considerations, it is possible to conclude that the rhombohedral-tetragonal phase co-exists at x = 0.07 which is also observed in the XRD results. 
Microstructure
Raman spectroscopy:
Piezoelectric and electromechanical study
The various piezoelectric and electromechanical parameters are obtained from the equations (1), (2) and (3) described above. The resonance and anti-resonance frequencies were found from the impedance and phase analysis. Figure 8 shows the frequency versus impedance / phase spectra of the BNT-BT solid-solution at x = 0.07 composition. It is observed that the piezoelectric properties strongly exhibit a compositional dependence. The piezoelectric constant d 33 and electromechanical coupling factor K p display a similar variation, enhancing with the increasing of x, attains a maximum value in a composition x = 0.07 and then tending to decrease. The piezoelectric constant d 33 attains a maximum value of 131 pC/N and the electromechanical coupling factor K p reaches the maximum value of 45% at x = 0.07 shown in Fig. 9a . The increase in the piezoelectric constant d 33 in the MPB composition may be attributed to an increase in the domain wall flexibility.
The ceramic crystal structure is considered to be a coexistence of rhombohedral and tetragonal phases in the MPB composition. As the rhombohedral phase free energy is close to the tetragonal phase free energy, these two phases are easily exchanged by applying an electric field. In a close vicinity of MPB both crystallographic phases are in thermal equilibrium with each other with vanishing polarization anisotropy. Therefore, a flipping of polarization between two phases is possible under applied electric field. Enhanced piezoelectric coefficients are obtained in MPB regions and are attributed to an easy switch in the polarization vector between all allowed polarization orientations [36, 37] . It can be seen that mechanical quality factor Q m of the specimens decreases with increasing x amount, reaches the minimum value at x = 0.07 and then shows a slight increase with rise in x value. A similar kind of behaviour is also observed for frequency constant (N p ) of the specimens as seen in Fig. 9b . Compared with ordinary sintered BNT ceramics, BNT-BT ceramics show enhanced piezoelectric and electromechanical properties which demonstrate that BNT-BT ceramics near the MPB are promising piezoelectric materials for lead-free applications. The piezoelectric and electromechanical properties also confirm that the morphotropic phase boundary exists near x = 0.07.
IV. Conclusions
The solid-solutions (1-x)Bi 0.5 Na 0.5 TiO 3 -xBaTiO 3 were successfully synthesized by a conventional solid state reaction rout. X-ray diffraction and Rietveld refinement analysis showed that a morphotropic phase boundary (MPB) exists around x = 0.07. Analysis of peak positions, widths and intensities of Raman spectroscopy study also confirmed the existence of morphotropic phase boundary around x = 0.07 composition. The piezoelectric study shows enhancement with an increase in BT content and maximum at x = 0.07. The electromechanical behaviour shows optimum results at x = 0.07 confirming the MPB. Both the structural and electrical properties show that the solid solution has a MPB around x = 0.07 which is expected to be a new and promising candidate for lead-free dielectric and piezoelectric material. 
